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The mechanism of V(D)J recombination
Efficient cleavage of a DNA substrate requires only RAG1, RAG2, a divalent metal ion, and HMGB1 or HMGB2. The first step in V(D)J recombination is binding of RAG, probably together with HMGB1 or HMGB2. RAG-RSS interactions have been studied. The RAG complex catalyzes two reactions, nicking and hairpin formation, without dissociation. First, RAG complex binds either a 12-RSS or a 23-RSS, resulting in a 12 or 23 signal complex. Then a nicking is introduced precisely at the junction between the coding segment and the RSS. Another type of RSS is captured to form a paired complex, and nicking is followed as well. (10) In vitro, high-mobility group (HMG) proteins such as HMGB1 or HMGB2 have been shown to stimulate RAG's activity in DNA binding, nicking, and hairpin formation, presumably by inducing RSS bending. (9, 11) Upon PC formation, the free 3′-hydroxyl released from the nicking step attacks the opposing strand by transesterification in the presence of Mg2+ to create a hairpin coding segment and the cleaved RSS ends. Proteins in the nonhomologous end joining (NHEJ) DNA repair pathway are recruited to the coding ends. The coding ends are opened by NHEJ DNA repair factors and then joined, forming an imprecise coding joints that contain added nucleotides. (9, 12, 13 ) (see Figure 1 . a) After V(D)J recombination of IgH and IgL chain genes, the resulting immature naïve B-cells transcribe the IgH and IgL genes and the transcripts undergo alternative splicing to produce IgD and IgM by fusing the μ and δ exon to the J exon. (1) NHEJ is the major DSB rejoining process and occurs in all cell cycle stages, including two competing non-homologous end joining pathways, canonic NHEJ (C-NHEJ) and alternative NHEJ (Alt-NHEJ) (See Figure 2 ).
The mechanism of C-NHEJ has been well explained. The main proteins required for C-NHEJ involve the Ku70/Ku80 heterodimer, the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs), the endonuclease Artemis, the DNA ligase IV (Lig IV), the DNA polymerases μ (pol μ) and λ (pol λ), X-ray cross complementing Group 4 (XRCC4) and XRCC4-like factor (XLF). (14) Ku70/80 is thought to be the first protein to bind to the DSB, based on its abundance and tight affinity. (15) Ku70/80 protects DNA ends from digestion, and the Ku:DNA complex also serves as a
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This article is protected by copyright. All rights reserved node at which the nuclease, polymerases and ligase of C-NHEJ can attach. There is a Ku:DNA complex at each of the two DNA ends being joined, permitting each DNA end to be modified in preparation for joining. Ku:DNA complex recruits DNA-PKcs and Artemis, a DNA-PKcs-activated endonuclease, generating a DNA protein kinase (DNA-PK). DNA-PKcs undergoes autophosphorylation and activates Artemis, which then gains various nuclease activities including 5' endonuclease activity, 3' endonuclease activity, and hairpin opening activity. (15, 16) The nuclease activities ensuring the two ends are compatible by resecting damaged or non-ligatable end groups at the end of the DSB. The gap created after processing is filled by Pol μ/λ recruited by Ku. (17) DNA-PK also facilitates recruitment of a ligation complex, which encompasses LigIV, XRCC4 and XLF. PAXX (paralogue of XRCC4 and XLF) is a recently discovered protein with structural similarity to XRCC4 and XLF and promote DSB repair by interacting with Ku. (18, 19) The role for Alt-NHEJ in V(D)J recombination was originally thought to be a backup pathway for DSB repair. (20) However, emerging evidence has demonstrated that Alt-NHEJ can also occur in C-NHEJ-intact cells. (20, 21) The higher affinity of Ku for DSB compared with Poly-ADP ribose polymerase 1 (PARP1) could explain the predominance of C-NHEJ. The mechanism of Alt-NHEJ involves 5'-3' resection of the DNA ends, annealing of microhomology, fill-in synthesis and ligation. PARP1 can recognize the broken DNA ends and serves as a scaffold for the recruitment of other DNA damage factors. (22) Firstly, Mre11-Rad50-Nbs1 (MRN) and CtIP complex initiates 5'-3' DNA resection, creating short single-stranded DNA (ssDNA) overhangs. (20) Resection exposes microhomology internal to break sites, which could facilitate spontaneous annealing of ssDNA. The binding of Replication protein A (RPA) to the resulting short ssDNA overhangs removes secondary structure and prevents annealing of overhangs, which hinders Alt-NHEJ. (23, 24) Polθ-helicase acts as an ATP-dependent annealing helicase that dissociates RPA to promote DNA annealing and stimulate Alt-NHEJ. (25) The paired ssDNA overhangs are subsequently extended by Polθ. Finally, end-rejoining is carried out by the DNA ligase I or III (Lig I or Lig III)/XRCC1 complex in coordination. (22, 26, 27) The recombination shown above proceeds in a way that intervening DNA is deleted. In fact, the
intervening DNA can also be inverted without deletion. Whether recombination proceeds in a deletional or inversional manner depends on the relative orientation of the two RSS. V and J segments located on the same strand are recombined by deletional way, leaving the coding segment on the chromosome and the signal joint on an excised circle of DNA. If V and J segments are on opposite strands, they are joined by inversion between the RSSs, generating a signal joint and a coding joint.
Notably, to generate an efficient immune repertoire, V(D)J recombination favors genetic diversity at two levels. The first level corresponds to a diverse rearrangement of V, D and J genes. The second level is characterized by a particular joining mechanism of coding segments characterized by the loss or addition of extra nucleotides. During V(D)J recombination, the terminal deoxynucleotidyl transferase (TdT) adds random nucleotides (N-segments) at the V-D and D-J junctions in heavy chains of Ig, thereby significantly contributing to the diversity of the immune repertoire(28).
Regulatory mechanism of V(D)J recombination
V(D)J recombination undergoes regulation in multiple level, including the regulation of RAG1/2 activity, subnuclear reposition, spatial conformation of chromatin, and Vκ recombination has some specific regulation mechanisms.
The regulation of RAG1/RAG2 activity
Since RAGs are important enzymes in V(D)J recombination, their activity and quantity have an important influence on this process. The RAG proteins can coordinate their activity through autoregulatory properties. The RAG1 N-terminus is also associated with ubiquitylation-dependent regulatory processes by acting as an E3 ligase. (29) RAG2 is a regulatory cofactor, which promotes RAG1 to bind and cleave DNA. However, with the RAG1 C-terminus (residues 1009-1040) collaboration, the C-terminus of RAG2 has autoinhibition efficient on RAG activity. (30) Phosphorylation events are related to the activity of RAGs as well. RAG2 has a conserved Serine-Glutamine (SQ) phosphorylation site on 365 to 366. This Ataxia telangiectasia mutated
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This article is protected by copyright. All rights reserved (ATM)-mediated phosphorylation site of RAG2 has function of feedback control of cleavage and maintenance of genome stability.(31) Thr-490 is an essential CDK phosphorylation site in a conserved degradation signal sequence, which links the amount of RAG2 to the cell cycle. (32) RAGs activity can be also enhanced by the AMP-activated protein kinase (AMPK), which directly phosphorylates RAG1 at serine-528. This phosphorylation event can increase the catalytic activity of the RAGs thus initiates V(D)J recombination. (33) Besides, the sensitivity of the gene to RAG cleavage is related to the epigenetics of histone (see Figure S6 ). (49) Mono-allelic expression seems to take place preferentially on the associated allele.(45) However, it has also been reported that activated B cells can transcribe both IgH alleles as well. (50) To what extent the two IgH alleles differ remains unclear.
Spatial conformation of chromatin
Chromatin interactions can control the gene assembly of IgH chains. In the Pro-B cell, in which D-J recombination has finished while V-DJ recombination is going to take place, contraction will happen in the distal V cluster in a way of looping. (48) The localized activity of the RAG1/2 at the proximal chromatin is strictly dependent on locus contraction for subsequent V(D)J recombination.
The long-range contraction of the IgH locus also facilitates V-DJ rearrangements due to the proximity of both elements. In addition, different V genes can recombine with similar frequency, which is essential for the generation of a highly diverse Ig repertoire. While little is known about the molecular 
Vκ recombination regulation
The mechanisms of Vκ recombination regulation is different from V H in some ways. Firstly, the RSS for each V gene is different in quality, which can be quantified as RSS Information Content (RIC) scores. Theoretically, a higher score means a more conducive tendency to recombination. In addition, Igκ recombination in pre-B cell is activated by the binding of some transcription factors like PU.1, E2A, IRF4 and IRF8 at the iEκ and 3'Eκ enhancers. PU.1 binding at the RSS is a key feature to determine whether the Vκ gene will actively recombine, (57) 
SHM and CSR
B cells after going through the V(D)J recombination subsequently undergo two genetic modifications, somatic hypermutation (SHM) and class switch recombination (CSR). The purpose of these alterations, mostly in the germinal center, is to increase the affinity and alter the biological properties of Ig but with a specificity for the antigen. For some species like chickens, Ig gene conversion is used in addition to or instead of SHM (64) . The molecular mechanism of SHM, CSR as well as gene conversion, shows many similarities and shares several enzymes. But Activation-induced cytidine deaminase (AID) is thought to be the only factor that is absolutely necessary for all these mechanisms.
Next we will discuss the mechanism of SMH and CSR in detail. (67), leaving an abasic site that is recognized by apurinic/apyrimidinic endonuclease 1/2 (APE1/2). APE1/2 nick the DNA 5′ of the abasic site. PARP1 is activated and scaffold XRCC1, Polβ and a ligase is recruited. Polβ then remove the 5′ deoxyribose and insert a single nucleotide, followed by a ligation and so complete the repair (68) . Interestingly, both UNG and MutSα are conserved enzymes that initiate DNA repair with high fidelity through either MMR or BER. Thus, noncanonical MMR or BER pathway is needed for transition or transversion mutations in SHM and DSBs formation required for CSR.(see Figure 3) 
Mechanism of SHM

Mechanism of CSR
CSR is a DNA deletional-recombination reaction that proceeds through the generation of DSBs in switch (S) region preceding each C H gene and is completed by NHEJ between donor and acceptor S regions, resulting in the replacement of the expressed C H exon cluster.
The S regions are repetitive DNA elements that locate upstream of all the C H genes except Cδ.
Mouse S regions are composed of 1-10 kb of tandem repeats that are G-rich on the non-template strand.
Both the sequence and number of tandem repeats vary among mouse S regions. Sμ, for example, is 
Locus suicide recombination
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This article is protected by copyright. All rights reserved (3' RR1 and 3'RR2 respectively downstream of Cα1 and Cα2). (86) Analyzing the structure of human 3'RR shows their high similarity with the mouse 3'RR and both of them share multiple features with S regions. These "Like switch" (LS) regions promote LSR through a process that is similar to CSR: noncoding germline transcription of Sµ and LS within the 3′RR, DSB caused by AID, and finally DNA repair, mainly by the NHEJ pathway as in CSR.(87) However, it's recently reported the major involvement of the A-NHEJ rather than C-NHEJ during DSB repair during LSR compared with CSR, (88) suggesting a mechanism to control the balance the CSR and LSR. LSR is mostly detected during B-cell activation but remain undetectable in long-lived memory cells or plasma cells.(85) Interestingly, Since LSR is a process towards cell death, it remains difficult to evaluate its regulation. (85) 
Regulation of AID
Given that AID plays a significant role in both CSR and SHM, it is a crucial mechanism to regulate CSR and SHM by modulating AID expression, stability and localization.
Epigenetic regulation of AID
Histone modification and miRNA are two significant epigenetic mechanism that regulates gene expression. In B-cell activation, stimulatory signals induce several histone-modifying enzymes to active 
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The localization and stability of AID
It is contradictory to figure out that AID is predominantly located in cytoplasm while both CSR and SHM happen in nucleus. Further studies have revealed that AID is transported between nucleus and cytoplasm continuously, of which the mechanism is not fully clear though. Germinal center-associated nuclear protein (GANP), an RNA-binding protein, is assumed to transport AID into the nucleus in 
Other Regulatory mechanism of CSR
3' RR
The 3′RR is located at the most distal 3' region of the Ig H chain locus, is comprised of four hypersensitive sites(hs) hs3a, hs1,2, hs3b and hs4. Each hs is a weak enhancer but they form a strong enhancer synergistically. (72, 103) The 3'RR is crucial for conventional CSR,(82, 104) but its mechanism remains unclear. Conclusions drawn from knock-out mice are that the 3'RR plays a role in promoting germline transcription (105, 106) and synapsis between S regions in CSR (107) . In addition, it has also been reported that 3'RR mainly controls the S acceptor region rather than the Sμdonor region in Next, the transcription of unrearranged C H genes regulate naïve B cells to specific isotype. The type of
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This article is protected by copyright. All rights reserved cytokines can regulate the direction of CSR by chromosome looping, as different transcription promoters, located at upstream of each acceptor S region, are activated by different cytokines. Then specific S-C loci (like Sε-Cε loci) is closed to the Eμ-Sμ-Cμ and 3′ Cα enhancer (3′Eα) region. Finally, the formation of chromosome looping can induce the cell switching to that specific isotype (Figure 4 ). Locus. (115, 116) 
This article is protected by copyright. All rights reserved There are also many other factors participate in the regulation of CSR through the R-loop pathway.
DEAD-box RNA helicase 1 (DDX1) is a DEAD-box RNA helicase required at the IgH locus for CSR in vivo. DDX1 binds to G4 structures, converting them in to S-region R-loop. This process targets AID to the S regions, resulting in the promoting of CSR (Figure 4 
Ig specific isoform induction
In addition to the mechanisms above, certain conditions can also induce Ig specific isoform producing. Isotype switch recombination is controlled by cytokine receptors and their downstream signals. It is widely believed that IgG1 and IgG3 are mainly produced in response to protein antigens, but chronic stimulation with these antigens leads to an increase in the proportion of IgG4. IL-4 can induces IgE and IgG secretion while IL-10 can induce the production of IgG1 or IgG3. TGF-β is involved in the conversion to IgA, and IFN-γ can induce the production of IgG2a or IgG3. (124, 125) 
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Conclusion
Given the importance of the diverse repertoire of Ig in immune responses, it is reasonable to suppose that sophisticated genetic mechanisms have evolved to generate and regulate these proteins.
However, these mechanisms are still not fully elucidated. After more than one-century research, it has been discovered that the generation of Ig undergoes a series of specific genetic events including V ( 
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